INTRODUCTION
In the last two decades, nitrogen-rich and poly-nitrogen compounds have received significant attention due to their interesting chemical properties and potentiality to serve as environmentally friendly high energy density materials (HEDMs) [1] [2] [3] . These species release a large amount of energy during the decomposition of single/ double bonded nitrogen in the condensed phase into triple-bonded gas-phase inert N 2 molecules. Nitrogenrich compounds constitute a large family of interesting compounds, which are certainly no less active than the traditional CHON energetic materials [4, 5] . It is worth noting that they have boosted the development of energetic salts [6] [7] [8] , energetic coordination polymers (CPs, also defined as energetic metal organic frameworks (MOFs) in some cases) [9] [10] [11] , and energetic co-crystals [12, 13] , and thus significantly expanded the range of energetic materials.
In contrast, the experimental difficulties in studying poly-nitrogen compounds have delayed their contribution to the field of energetic materials. For a very long time, only the azide anion was used to produce energetic salts or simple CPs [14, 15] . In 1999, a major breakthrough in poly-nitrogen area was achieved with the preparation of the N 5 + ion and its relative stable energetic salts were subsequently synthesized [16, 17] . Unfortunately, owing to the unstable bonding interactions with other anions, further developments of N 5 + ion have been limited. The pentazole anion cyclo-N 5 -was first detected in 2002 via mass spectrometry (MS) [18, 19] and was not adopted for bulk production until recently [20] [21] [22] [23] [24] [25] [26] . However, the anhydrous pentazole sample NaN 5 [21] and CsN 5 [22] were only observed under extreme high pressure and the metal-pentazole hydrates [24] [25] [26] decomposed in the range of 100-110°C. Both high pressure preparing method and hydrates samples are the disadvantages in terms of their application. Fortunately, the cyclo-N 5 -anion shows good adaptability to take part in ionic, coordination, and hydrogen bonding interactions [24, 27] . Furthermore, there is a possibility to form either energetic CPs or co-crystals by self-assembling, which is a new technology for modifying or enhancing the properties of existing energetic substances.
In this work, anhydrous coordination polymers (NaN 5 ) 5 [(CH 6 N 3 )N 5 ](N 5 ) − 3 (1) and (NaN 5 ) 2 (C 2 H 4 N 4 ) (2) have been synthesized with ion exchange method. The formation of these crystals is mainly assisted by coordination bonding between the metal ion Na + , inorganic cyclo-N 5 and organic components, which exceed the range of MOFs and shall be classified as CPs. Moreover, the diverse structure and thermal stabilization reveal another advantage of the crystal approach to access explosives with high performance.
EXPERIMENTAL SECTION

Safety precautions
Caution! The energetic coordination polymers with cyclo-N 5 -are partly extremely high energetic compounds that may detonate violently; therefore they should be handled only on a very small scale while using appropriate safety precautions (safety glasses, face shield, leather coat, earthen equipment and shoes, Kevlar gloves and ear plugs).
Materials and methods
All reagents and solvents were purchased from SigmaAldrich, Aladdin, and Energy Chemical as analytical grade and were used as received. The single crystal X-ray diffraction (XRD) measurements were conducted on a Bruker Smart Apex II diffractometer using Mo-Kα radiation (λ = 0.71073 Å) with a graphite monochromator at 170 K. XRD data were collected with Cu Kα radiation on Bruker D8 ADVANCE scanning from 10°to 80°. Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a Thermo Nicolet IS10 instrument. Raman spectra were collected using a Horiba-Jobin Yvon Labram HR800 Raman spectrometer with a 514.532 nm Ar + laser. A 50× objective was used to focus the laser beam. Differential scanning calorimeter (DSC) plots were acquired on a differential scanning calorimeter (Mettler Toledo DSC-1) at a scan rate of 5°C min −1 in perforated stainless steel containers under a nitrogen flow of 50 mL min −1 . Transmission electron microscope (TEM) was performed on FEI Tecnai G2 F30 S-TWIN.
All computations were performed using the Gaussian 09 program [28] invoking hybrid HF-DFT calculations with the three-parameter gradient-corrected exchange potential of Becke and the gradient-corrected correlation potential of Lee, Yang, and Parr (B3LYP) [29, 30] using the 6-311G* basis set. The structures were optimized for energy minimization before spectra acquisition and frequency calculations. The wave-functions of coordination polymers generated from Gaussian were imported into the software Multiwfn [31] to calculate the reduced density gradient (RDG) which was used for revealing noncovalent interactions [32] analysis.
Crystallography
Integration and scaling of intensity data was accomplished using the SAINT program [33] . The structures were solved by intrinsic using SHELXT2014 and refinement was carried out by a full-matrix least-squares technique using SHELXT2014 [34] . The hydrogen atoms were refined isotropically, and the heavy atoms were refined anisotropically. N-H and O-H hydrogens were located from different electron density maps, and C-H hydrogens were placed in calculated positions and refined with a riding model. Data were corrected for the effects of absorption using SADABS [35] .
Synthetic procedures [Na(H 2 O)(N 5 )]·2H 2 O:
This compound was prepared according to our previously reported methods [21] . A solution of arylpentazole (5.000 g, 26.18 mmol) and ferrous glycinate (8.600 g, 42.16 mmol) in a mixed solution of 100 mL methyl alcohol and 100 mL acetonitrile was stirred at -47°C. After 30 min, metachloroperbenzoic acid (85%, 19.25 g, 94.82 mmol) was added in portions. The reaction mixture was maintained at -43°C for 24 h. The precipitate was removed by filtration, and the filtrate was vaporized under reduced pressure. The residue was suspended in 200 mL of water. The precipitate was filtered off and washed with 50 mL water. The filtrate was concentrated. After removing all the solvent under vacuum, the residue was purified by chromatography with ethyl alcohol/ethyl acetate (1:10-1:3 gradient elution). Crude NaN 5 hydrate was obtained as an off-white product (427 mg, 19.56%).
[Na 5 (CH 6 N 3 )(N 5 
RESULTS AND DISCUSSION
Crystal structure
The prepared CPs are analyzed by single-crystal XRD as shown in Table 1 . Polymer 1 crystallizs into a 3D porous metal-inorganic framework with hexagonal crystal system and belongs to the P6 3 /mmc space group. Here the polymer 1 represents a negatively charged structure, because sometimes charge-balancing cations in the cages is irregular and cannot be directly located in the crystal structure analysis. The detailed crystallographic data are provided in Supplementary Tables S1-S3. As depicted in Fig. 1 , each sodium center Na(I) is hexahedral linked to pentazole linkers (Na-N bond length 2.462-2.499Å), involving a η 1 -bonding-type coordination. There are two types of pentazole rings in polymer 1. The first type is one N 5 ring attached to three Na(I) ions with coordination angle of ∼90 and 140°(Na−N 5 −Na), analogous to imidazolate rings in zeolite−imidazolate frameworks (ZIFs). The N atoms in these N 5 rings are not completely coplane, with N1-N2-N3-N4 and N1-N5-N4-N3 torsion angles of 0.5°and 0.7°, respectively. The second type is one N 5 ring attached to four Na(I) ions with coordination angle of ∼150°(Na−N 5 −Na). These N 5 rings and Na(I) are of perfect planarity and the plane is perpendicular to c axis. Moreover, the N 5 rings in both types do not have identical N-N bond lengths with average values found to be 1.316 and 1.320 Å respectively. Through these connection modes, 8 Na(I) ions and 9 N 5 rings stitch into a cage of a ∼7.5 Å diameter cavity with guanidine cation [C (NH 2 ) 3 ] + placed in it. The cage as a repeat unit is further extended into microporous zeolite-like 3D framework with SOD topology (Fig. 1c) . Upon removal of guest molecules, the structure of polymer 1 has a porosity of ∼35%, as calculated with PLATON software [36] .
In contrast to CP 1, both N 5 and 4-amino-1,2,4-triazole (ATz) rings act as a linker in 2 and form a different kind of 3D porous framework with trigonal crystals in the P3 2 21 space group (Tables S4, S5 ). As shown in Fig. 2 and Fig. S4 , all of the N atoms in the pentazole ring are coordinated to Na(I). The atoms N2 and N5 participate in constructing the DNA-like double helix structure. The atoms N1, N3, and N4, together with the N atoms in the ATz ring form links between the different helices, whose dihedral angle with the ab plane is~70°. The N atoms in these N 5 rings are not perfectly coplanar, with N1-N2-N3-N4 and N1-N5-N4-N3 torsion angles being 0.5°and 0.2°, respectively. As all of the N atoms in the N 5 rings are in the same chemical environment that is affected by the weak coordination with the Na(I) ion and all the Na-N bond length being~2.5 Å, the N 5 ring retains almost identical N-N bond lengths; these bonds are of length 1.317 Å. Six groups of double helices construct a channel of 9.5 Å diameter, similar to that in zeolites (Fig. 2c) . However, in contrast to the typical zeolites, the channel in 2 is filled with coordinated ATz rings, which implies that 
Spectra analysis
A comparison of the spectra of CPs 1 and 2 together with that of the starting material is shown in Fig. 3 . This figure reveals that several band shifts occur when the three CPs are formed. Furthermore, it indicates the existence of weak interactions between the individual components even when they are not directly coordinated. Both the coordination bond and weak interactions cause a deformation of cyclo-N 5 -in frameworks. From the geometric parameters of the N 5 ring in 1 and 2, it can be concluded that the tri-and tetradentate cyclo-N 5 -(N 5 -1A and N 5 -1B in 1), pentadentate cyclo-N 5 -anion (N 5 -2) all represent C 2v symmetry. However, the coordination effect between Na + and cyclo-N 5 -in the CPs is weaker than that . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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January 2019 | Vol. 62 No. 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 of previously reported transition metal-N 5 -complexes. So the bond lengths in cyclo-N 5 -, especially N 5 -2, vary slightly and they are also close to D 5h symmetry, with IR spectra at 1,225 and 1,229 cm -1 observed respectively in Fig. 3a . From Raman spectra, the typical cyclo-N 5 -in C 2v symmetry with significantly different bond length in N 5 -1B compared with previous transition metal complexes represents a strong peak at 1,170-1,190 cm -1 in Fig. 3b ; the other cyclo-N 5 -in C 2v symmetry including N 5 -1A and N 5 -2 with similar bond length which is also close to D 5h symmetry shows a strong peak at 1,000-1,010 cm (Fig. S5) ; meanwhile, they also show that the cyclo-N 5 -is unstable under electron beam.
Thermal properties
The DSC curves of the synthesized CPs are shown in Fig.  4 . No endothermic peaks can be observed below 100°C, which suggests that the polymers contain very little water. The first exothermic peak of 1 and 2 is observed at 118.4 and 126.5°C (onset temperature). This suggests a decomposition of the CPs takes place during the heating sequence and from an assessment of the amount of heat released. The products of CPs 1 and 2 heated at 118.4 and 126.5°C were tested with FeCl 3 solution and the color of solution turned into red, which indicated that both of them have decomposed from cyclo-N 5 − to N 3 − (Fig. S6) . The decomposition point, compared with that of the 1D structure [Na(H 2 O)(N 5 )]·2H 2 O, is increased by 7.4 and 15.5°C in 1 and 2, respectively. These observations indicate that the coordination and hydrogen bonding interactions (Fig. S7) is beneficial for stabilizing the N 5 ring. From another point of view, the identical N-N bond lengths are indicative of better conjugation and stability.
Detonation properties
The heat of detonation is greatly affected by the standard enthalpies of formation of energetic CPs, which is calculated using their constant-volume combustion energies. . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   126 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , and detonation pressure (P) are pivotal parameters for energetic CPs. On the basis of the largest exothermic principle proposed by Kamlet-Jacobs (K-J) [37] , We employed a widely used empirical method [38, 39] proposed by Pang and coworkers [40] to investigate the detonation properties of metal-containing energetic CPs. The detonation reactions of CP 1 and 2 are described by Equation S5, 6, and the detonation properties are calculated by K-J equations (see Supporting Information). As shown in Table 2 , the nitrogen contents (>66%) and heats of formation (>800 kJ mol −1 ) for the two CPs are much higher than those of the traditional energetic materials (TNT, RDX, and HMX). But only the heat of detonation for CP 2 (1.65 kcal g −1 ) is higher than those of TNT, RDX, HMX, and CL-20 (about 1.5 kcal g −1 ). The D and P of CP 2 are calculated to be 7,863 m s −1 and 26.44 GPa, respectively, which are slightly higher than TNT. The poor detonation performance of CP 1 is attributed to their low density (<1.3 g cm −3 ) caused by porous structure. From another point of view, this porous structure may hold other small energetic materials and improve the energetic performance.
CONCLUSIONS
The target of our designs is to obtain multidimensional structure that possess the potential high energy (provided by N 5 ) and better stability compared with previously reported species (through coordination and hydrogen bonding provided by framework). With this strategy, guanidine hydrochloride and ATz standing for the cation and neutral molecule with similar size are employed to coordinate with NaN 5 . Two novel energetic CPs, (NaN 5 ) 5 -[(CH 6 N 3 )N 5 ](N 5 ) − 3 and (NaN 5 ) 2 (C 2 H 4 N 4 ), were synthesized and characterized. From crystal structure analysis, the cyclo-N 5 − anion shows a unique coordination ability that some other polynitrogen species do not have. In CPs 1 and 2, it can form tri-, quadri-and pentadentate with central Na + due to the various coordination positions and represents two different structures. As a result of the coordination effect, hydrogen bonding and structural modification, cyclo-N 5 − anions in CPs 1 and 2 possess better thermal stability (118.4 and 126.5°C as onset decomposition temperature) than that in NaN 5 and its hydrate [Na(H 2 O)(N 5 )]·2H 2 O. Moreover, the fully coordination of possible positions prevents H 2 O entering the crystal and generates anhydrate compounds, which is a big forward step to obtain final energetic materials. The 3D CPs 1 and 2 also show high heats of formation (>800 kJ mol −1 ). Considering their detonation properties, the anhydrous products of sodium-pentazole species with better thermal stability and higher heats of formation are potential to being applied in HEDMs. ). f) The heat of detonation. g) Detonation velocity. h) Detonation pressure.
